Introduction
The search for new types of metal catalyzed C-C bond-coupling reactions continues, with an active research front being the development of alternatives to stoichiometric organometallic cross coupling reagents.
1 Metal catalyzed decarboxylative coupling reactions represent an attractive way of creating carbon frameworks. 2, 3 The most commonly reported new synthetic methods involving metal catalyzed decarboxylation reactions are those involving sp 2 hybridized aromatic carboxylic acids 2g and sp hybridized alkynoic acids. 2j Fewer metal catalyzed decarboxylation reactions of sp 3 hybridized carboxylic acids have been noted. 4 An exception is α-cyanoacetic acid and its derivatives (Scheme 1). 5 As early as 1974, Tsuda et al. reported that Cu(I) cyanoacetate underwent decarboxylation to form cyanomethylcopper, which could be used in C-C bond coupling reactions. 5a More recently catalytic variants have been reported, including palladium catalyzed decarboxylative coupling of cyanoacetate salts with aryl halides 5b,c and in the copper catalyzed decarboxylative alkynation of quaternary α-cyanoacetate salts.
5d
One of the fascinating aspects of metal catalyzed decarboxylative coupling reactions is that the decarboxylation step can proceed via a number of different mechanisms, especially for ambidentate carboxylate ligands such as the cyanoacetate anion. [6] [7] [8] [9] [10] [11] [12] [13] These include: decarboxylation of the free anion (eqn (1)); 6 electron transfer induced free radical decarboxylation (eqn (2)); 7 the Pesci reaction 8 in which decarboxylation of the O bound carboxylate 9 directly yields an organometallic intermediate 10 (eqn (3)); a Lewis acid decarboxylation reaction 11 in which the metal acts as a Lewis acid and decarboxylation occurs via binding through the cyano group (eqn (4)).
12,13
The last 2 mechanisms have been proposed for copper(I) catalyzed decarboxylation of cyanoacetic acid. , formed via electrospray ionization (ESI), proceeds via the sequential losses of CO 2 (eqn (6) and (7)) and ethene. DFT calculations revealed that the mechanisms for this reaction involved a novel 1,2-dyotropic rearrangement 20 (eqn (8)) followed by β-hydride transfer (eqn (9)). 
A combination of DFT calculations and gas phase IR spectroscopy 21 was first used to determine the binding modes 22, 23 of cyanoacetate ligands to Cu(I), Scheme 2. We then used MS n experiments and DFT calculations to examine the sequential decomposition reactions of cyanoacetate ligands coordinated to copper(I). DFT calculations were carried out to establish whether the mechanism for sequential decarboxylation proceeds via the Pesci reaction (eqn (3)) 8 or via a Lewis acid pathway (eqn (4)).
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Experimental section
Reagents
Copper(II) acetate and cyanoacetic acid were obtained from Aldrich and methanol was AR grade obtained from Merck. All chemicals were used without further purification. 
DFT calculations
The Gaussian 09 package 27 was used to carry out theoretical calculations aimed at providing insights into the binding modes of the cyanoacetate ligands to Cu(I) and their fragmentation mechanisms. Geometry optimizations were conducted using the B3LYP DFT method. 28 The Stuttgart Dresden effective core potential (SDD) and basis set was used for copper and the 6-31+G(d) all electron basis set for carbon, nitrogen and oxygen. 29 This method and basis set, which we designate hereafter as B3LYP/SDD6-31+G(d), was specifically chosen as it has been proven to reasonably describe the gas phase chemistry of copper carboxylates and metallates.
All transition states (TS) were characterized by the presence of a single imaginary frequency and intrinsic reaction coordinates (IRC) were carried out to ensure smooth connection of reactants and products. Geometry optimizations in methanol solvent were carried out using Tomasi's Polarizable Continuum Model (PCM). 30 
Results and discussion section
Binding mode of cyanoacetate to Cu(I) ESI/MS of a methanolic solutions of copper(II) acetate and cyanoacetic acid gave rise to a series of ions including an ion corresponding to Cu(I) coordinated to two cyanoacetate ligands. 26 Similar ions have been previously observed for Scheme 2 Gas-phase sequential decarboxylation and subsequent unimolecular chemistry using multistage mass spectrometry experiments. Note the potential involvement of different isomers in each of the CID steps. These isomers arise from different binding modes of the cyanoacetate ligands to the Cu(I) center (isomers 1-3 and 4-7) and/or cyanomethyl anion ligands to the Cu(I) center (isomers 4-7 and 8-10).
methanolic solutions of copper(II) acetate with other aliphatic and aromatic carboxylic acids. 18f We have used DFT calculations to examine the structures and relative energies of the three isomers of Cu(I) coordinated to two cyanoacetate ligands (1, 2 and 3 of Scheme 2) in methanol and in the gas phase. For each of these isomers a range of conformations of the cyanoacetate ligands was considered in the gas phase and the most stable conformer of each isomer was then reoptimized using a methanol solvent continuum model. Fig. 1 shows the structures of these isomers in the solution and gas phase, while Table 1 lists their relative energies. Structures of higher energy gas-phase conformers are given in ESI Fig. S1 -S3. † Comparison of the gas-phase and solution-phase complexes of the linkage isomers 1, 2 and 3 (Scheme 2) reveals that the nitrogen-bound isomers are higher in energy than the oxygenbound in both the gas phase and the condensed phase (Table 1) . Thus the oxygen-bound linkage isomer 1 should be considered the major parent complex isolated from the ESI/MS experiments. The structural features of the lowest energy O,O bound isomer are almost identical in both the gas (1a) and condensed (1a′) phases, with only small changes to key bond lengths. In contrast, for the cyanoacetate ligand(s) bound through the N atom in isomers 2 and 3, there is a significant stretching of the C-C bond length on moving from solution to the gas phase (Fig. 1) . Finally, comparison of the differences in the gas versus condensed phase energies of isomers 2a and 3 relative to 1a further highlights the stabilizing effect of the solvent on the N coordinated cyanoacetate ligand.
To confirm that 1 is isolated upon ESI/MS of copper solutions of cyanoacetate, we have carried out gas phase IR spectroscopy experiments (Fig. 2) since the C-O stretch of carboxylates in metal complexes are known to be sensitive to the binding mode to the metal centre in both the condensed 22 and gas 23 phases. The symmetrical isomers 1 and 3 are predicted to only have 3 active IR modes in the IR range used in our experiments (900-1800 cm −1 ). These correspond to the asymmetric combinations of the C-O stretching, CH 2 wagging and CvO stretching for 1 (Fig. 2b , red lines) and for 3 (Fig. 2d , green lines). The asymmetrical isomer 2 is predicted to have 6 active IR modes in the IR range used in our experiments, corresponding to two C-O stretching, CH 2 wagging and CvO stretching (Fig. 2c, blue lines) . The experimental IR spectrum only contains 3 bands (Fig. 2a) , thereby ruling out isomer 2.
The examination of the overlap of the experimental bands (grey lines) with those predicted for 1 and 3 reveals that the best match between experiment and theory is for 1, with the relative error for the three bands being on the order of 1%. These observations are consistent with solution phase IR spectra of mononuclear O-bound copper cyano acetate phosphine complexes for which the acetate moiety was found to have bands in the 1339-1379 and 1611-1640 cm −1 regions. 1a'), (2a') and (3') respectively) and in the gas phase ( (1a), (2a) and (3) − ) followed by CID, gives rise to a second decarboxylation reaction (Fig. 3b) , (eqn (6)- (9)) and the sequence of double decarboxylation followed by loss of ethene corresponds to the copper promoted decyano decarboxylative coupling of two cyanoacetate ligands (eqn (10)).
DFT calculated mechanisms for copper(I)-mediated decarboxylation of cyanoacetate
As noted in the introduction, a key issue regarding the decomposition mechanism of cyanoacetate ligands is the structure of the parent carboxylate complex. In particular, since it can either bind to the metal via an oxygen or a nitrogen atom, the cyanoacetate ligand is potentially ambidentate. where the energies are presented relative to the most stable starting isomer 1a. CID in an ion trap is akin to an "on/off" switch, the product of the first decarboxylation step is collisionally cooled back to the temperature of the helium bath before it is mass selected and subjected to a new stage of CID. Thus the energies of the key species associated with the first decarboxylation step are presented relative to the starting isomer 1a (Fig. 4) , while those associated with the second decarboxylation step are presented relative to the isomer 6a (Fig. 5) . The first decarboxylation step starts from the most stable precursor, 1a, which rearranges first to the less stable struc- ture, 1e, via a transition state, TS1a-1e, requiring an energy of 0.19 eV (Fig. 4) . Isomer 1e then undergoes an intramolecular rearrangement, which changes the coordination mode of one of the cyanoacetate ligands from O to N bound, via a second transition state, TS1e-2a, requiring 0.76 eV. Isomer 2a undergoes a barrierless loss of CO 2 via a Lewis acid mechanism to form the decarboxylated product, [NCCH 2 CO 2 CuNCCH 2 ] − , 6a.
The direct Pesci mechanism for decarboxylation of 1e to form the organometallic 4a proceeds via TS1e-4a, which is 1.62 eV higher in energy than the entrance channel (1a − , 6a, also involves change in conformation via TS6a-6c, requiring 0.17 eV, to form, 6c, followed by a change in the coordination mode of the remaining cyanoacetate ligand from O to N bound, to form 7 via transition state TS6c-7, which requires an energy input of 0.81 eV above that of the starting structure 6a (Fig. 5) . Subsequently, 7 loses CO 2 to form the doubly decarboxylated product, [CH 2 CNCuNCCH 2 ] − , 10 via a Lewis acid mechanism. Decarboxylation via the Pesci mechanism occurs via the transition state TS6c-9, which is calculated to be 1.61 eV higher in energy than the starting product 6a and 0.8 eV higher than the highest energy requirement for the Lewis acid mechanism. Hence, this mechanism is also unlikely to occur under the ion trap conditions used.
How do our results compare to previous studies on the DFT calculated mechanisms for metal mediated decarboxylation of ambidentate carboxylate ligands? The Lewis acid mechanism is also predicted to be preferred in the palladium promoted decarboxylation of cyano acetate 16b and in the reverse reaction of CuNCH 2 with CO 2 . 31 A recent study by Uggerud and coworkers has used DFT calculations to suggest a change in binding of the ambidentate nicotinate ligand to a Cu(II) centre from O bound carboxylate to N bound followed by decarboxylation via a Lewis acid mechanism.
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DFT calculated mechanisms for the loss of ethene: isomerization, 1,2-dyotropic rearrangement and β-cyanide transfer
The observation of ethene loss suggests that the N bound isomer 10 formed upon double decarboxylation needs to undergo sequential rearrangement of the binding of the cyanomethyl carbanion ligands from N to C to give the organometallate, 8, which can then undergo a dyotropic rearrangement analogous to that observed for [CH 3 CuCH 3 ] − (Scheme 4B).
Such intramolecular interconversion of C-and N-bound isomers of transition-metal cyanocarbanions have been reported previously 33 and based on DFT calculations a "metalsliding mechanism" mechanism has been proposed (Scheme 4A). DFT calculations were used to explore, amongst others, the rearrangement processes shown in Scheme 4B and the results Scheme 3 Summary of DFT calculated energetics associated with double decarboxylation proceeding via isomers 1, 2 and 3. The most likely pathway under the low energy CID conditions of the ion trap is highlighted in bold red. The potential energy surfaces for the first stage and second stage of decarboxylation are given in Fig. 4 and Fig. 5 , while the potential energy surfaces for the rearrangement from structure [CH 2 CNCuNCCH 2 ]
− to [NCCH 2 CuCH 2 CN] − are given in Fig. 6 . All energies are given relative to 1a, the most stable conformation of the most stable starting isomer 1.
of these studies are highlighted for the N-to C-bound isomerisation reactions and the 1,2-dyotropic rearrangement. Since these reactions all occur during the same CID experiment, the energies of the key species associated with these reactions are presented relative to 10 ( Fig. 6 and 7) . Fig. 6 reveals that structure 10 can undergo a N,C bond rearrangement to form the more stable N,C linkage isomer, 9, via a transition state TS10-9, requiring 0.86 eV of energy relative to 10. Isomer 9 can then undergo another N,C bond rearrangement to form the more stable C,C linkage isomer, 8, via a transition state TS9-8 requiring 0.49 eV of energy input above that of the starting structure (10) .
The potential energy diagram for the loss of ethene proceeding via a dyotropic rearrangement followed by β-cyanide transfer is shown in Fig. 7 . As described above, 8 is initially formed via rearrangement from 10. The dyotropic rearrangement proceeds over a relatively high energy (3.04 eV higher than 8) transition state (TS8-11), which involves insertion of CH 2 from one of the cyanomethyl ligand into the Cu-C bond of the other cyanomethyl ligand with concomitant transfer of the CN group to the copper centre. The product (11)- (18)). The endothermicities for these processes, which are presumed to be barrierless, are given as coloured horizontal lines in Fig. 6 (11)- (18)) are considerably higher than the barriers for rearrangement via TS10-9 and TS9-8 and are therefore unlikely to be competitive with these rearrangement reactions (Fig. 6 ). For the dyotropic rearrangement of [NCCH 2 CuCH 2 CN] − (8) followed by β-cyanide transfer and loss of ethene, the energy for the homolytic cleavage reaction (eqn (18)) is considerably higher than the barrier for the dyotropic rearrangement and is therefore unlikely to occur under the low energy CID conditions of the ion trap, consistent with the fact that the [CuCH 2 CN] •− product is not observed experimentally (Fig. 3c ). The energy for the heterolytic cleavage reaction (eqn (17)) is slightly higher than the barrier for the dyotropic rearrangement, however we are unable to observe whether CH 2 CN − is formed experimentally due to the low mass cutoff of the ion trap. 
